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Failure properties of intraluminal thrombus in
abdominal aortic aneurysm under static and
pulsating mechanical loads
T. Christian Gasser, PhD,a Göray Görgülü, MSc,a Maggie Folkesson, MSc,b and Jesper Swedenborg,
MD, PhD,b Stockholm, Sweden
Objectives: It has been suggested that mechanical failure of intraluminal thrombus (ILT) could play a key role in the
rupture of abdominal aortic aneurysms (AAAs), and in the present study, this hypothesis has been investigated. An in
vitro experimental approach has been proposed, which provides layer-specific failure data of ILT tissue under static and
pulsatile mechanical loads.
Methods: In total, 112 bone-shaped test specimens are prepared from luminal, medial, and abluminal layers of eight ILTs
harvested during open elective AAA repair. Three different types of mechanical experiments, denoted as control test,
ultimate strength test, and fatigue test were performed in Dulbecco’s modified eagle’s medium (DMEM) supplemented
with fetal calf serum, L-ascorbic acid, and antibiotics at 37°C and pH 7.0. In detail, fatigue tests, which are experiments,
where the ILT tissue is loaded in pulsatile manner, were carried out at three different load levels with a natural frequency
of 1.0 Hz.
Results: ILT’s ultimate strength (156.5 kPa, 92.0 kPa, and 47.7 kPa for luminal, medial, and abluminal layers,
respectively) and referential stiffness (62.88 kPa, 47.52 kPa, and 41.52 kPa, for luminal, medial, and abluminal layers,
respectively) continuously decrease from the inside to the outside. ILT tissue failed within less than 1 hour under pulsatile
loading at a load level of 60% ultimate strength, while a load level of about 40% ultimate strength did not cause failure
within 13.9 hours.
Conclusions: ILT tissue is vulnerable against fatigue failure and shows significant decreasing strength with respect to the
number of load cycles. Hence, after a reasonable time of pulsating loading ILT’s strength is far below its ultimate
strength, and when compared with stress predictions from finite element (FE) studies, this indicates the likelihood of
fatigue failure in vivo. Failure within the ILT could propagate towards the weakened vessel wall behind it and could
initialize AAA failure thereafter. ( J Vasc Surg 2008;48:179-88.)
Clinical Relevance. Rupture of an abdominal aortic aneurysm is the 10th leading cause of death in men above 60 years of
age. Diameter of the aneurysm, the only accepted parameter to determine its rupture risk, is unreliable, and there is need
for others. Aneurysm rupture has been related to growth of the intraluminal thrombus and failure of it might indicate a
rupture risk. We demonstrate here that the strength of thrombus tissue decreases significantly under pulsating mechanical
loads, a material characteristic to be known as fatigue. The derived data highlight the biomechanical role of the thrombus
in abdominal aortic aneurysms, and therefore, improved risk prediction criteria could be drawn from that finding.The prevalence of abdominal aortic aneurysms (AAAs)
ranges from 2.0%1 to 8.8%2 in the elderly population and
AAA repair causes high socioeconomic costs.3,4 AAA rup-
ture has a mortality rate of 90%,5 and death from ruptured
AAAs is the 10th leading cause of death in men above the
age of 65.6
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doi:10.1016/j.jvs.2008.01.036An intraluminal thrombus (ILT) is found in nearly all
AAAs with a diameter large enough to indicate risk of
rupture.7 The ILT is thought to play an important role in
the pathology and natural history of AAA with multiple
effects on the underlying vessel wall. The ILT causes local-
ized hypoxia, possibly leading to increased neovasculariza-
tion, inflammation, and regional weakening,8 as well as
changes of matrix-degrading protease expression9 and
structural and cellular composition10 of the underlying
AAA wall. ILT has a significant structural impact on the
biomechanics of AAAs and influences both the magnitude
and the distribution of AAA wall stress.11-14
Clinical studies indicate that the growth rate of the ILT
may be of importance for the prediction of AAA rupture
and expansion.15-17 In a study examining computed to-
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diameter of the thrombus, however, was not significantly
different when comparison was made with unruptured
AAA.18 On the other hand, the strength of the wall under
the thrombus and the risk of rupture have been reported to
be negatively influenced by the thickness of the throm-
bus.19
It has been reported that that AAA rupture is initiated
by blood entering the ILT identified as a “crescent sign” on
CT examinations.20,21 Detailed evaluation of signs of rup-
ture from CT data emphasize that the majority of AAA
failures occur in the wall underlying the ILT or in the
immediate vicinity of it.22,23 Hence, beside the failure
properties of the wall,19 those of the ILT may play a role to
assess the risk of aneurysm rupture. Note that the ILT,
although a weak tissue, can be several times thicker than the
wall, thus, it might substantially contribute to the overall
strength of the AAA.
In contradiction to experimental findings,20,21 finite
element (FE) calculations of AAAs indicate that the me-
chanical stress level in the ILT in vivo remains too low,
when compared with its ultimate rupture strength, to cause
failure therein.14 These opposite findings leave the role of
ILT in a rupture risk assessment of AAAs an open question,
thus, necessitating further research to provide answers to
this important scientific and clinical question. The FE
method31 divides a structure into a finite number of indi-
vidual elements, and, in the present context, it has been
used to investigate the mechanical loading of AAAs.
A thrombus is a complex structure, where aggregated
platelets and other blood elements are trapped within a
fibrin mesh traversed by a continuous network of inter-
connected canaliculi.24 Mechanical testing has shown
that ILT tissue can be regarded as an isotropic and linear
material,25,26 which withstands high deformations until
failure.13,25 Likewise, stiffness and strength decrease from
inside to theoutsidewhereas the timedependent (viscoelastic)
properties remain constant across the thickness.27 ILT’s ulti-
mate strength, eg, as identified by quasi-static rupture
tests,13,25 where the mechanical load on a test specimen is
slowly increased until the tissue specimen fails, might con-
siderably overestimate the failure strength of the ILT in
vivo. A pulsatile blood pressure causes cyclic mechanical
Table. Patient specific data of the investigated ILTs
Patient Gender Age (Years) Smoking
1028 Male 80 Previous
1033 Female 70 Yes
1040 Male 73 Yes
1044 Male 70 No
1045 Female 68 Previous
1048 Male 65 Previous
1051 Male 82 Previous
1052 Female 71 Yes
ILT, Intraluminal thrombus; AAA, abdominal aortic aneurysm.
aCould not be measured from computed tomography without contrast.loading of ILT tissue, which most likely activates fatigue-like failure mechanisms at stress levels much below the
ILT’s ultimate strength. To explore that hypothesis, ie,
whether or not ILT is vulnerable to fatigue failure, the
present study introduces an in vitro experimental approach
and presents novel experimental data particularly useful to
interpret stress predictions from FEmodels of AAA. To this
end, pulsating tensile load is applied to bone-shaped test
specimens aligned with the ILT’s circumferential direction,
hence, along which the dominating mechanical (in vivo)
loading is expected.
METHODS
Specimen preparation. ILT samples (n  8) were
harvested from AAAs during surgical elective repair, put in
Dulbecco’s modified eagle’s medium (DMEM), supple-
mented with 20% fetal calf serum (FCS), 50 g/mL L-
ascorbic acid, 50 g/mL streptomycin, 50 IU/mL peni-
cillin, and kept on ice (for a maximum of 3 hours) and then
at35°C (for 1 to 9 weeks). The collection and use of ILT
material from human subjects was approved by the local
ethics committee and detailed specifications of the study
subjects are given in the Table.
Prior to the preparation of test specimens, ILT samples
were thawed at 4°C for 24 hours. After stabilization at
room temperature (20°C) for about 30 minutes, each ILT
bulk tissue was first divided into the layers illustrated in Fig
1 to gather tissue sheets from different structural layers.
The thickness of the separated sheets ranged from 1.0 to
2.0mm and according to their location within the bulk ILT
tissue, they are labeled as luminal, medial and abluminal
throughout the following procedure. From each sheet,
four uniaxial bone-shaped specimens, each oriented in cir-
cumferential direction, were punched out with an especially
developed pattern blade (see Fig 1, e). If case the sheet was
large enough, a fifth specimen, ie, a control specimen, was
prepared as a reference for the testing protocol.
To improve the fixation of the specimen in the testing
machine, sand paper pieces were attached to their ends
using super-adhesive glue (LOCTITE). Careful application
of the optimal glue amount was proven to be crucial in
order to avoid failure at the ends instead of the middle of
the specimen. The preparation of luminal, medial, and
Max. AAA diameter (mm) Max. ILT thickness (mm)
50 a
50 27
57 23
54 28
59 23
70 24
60 22
66 28abluminal test specimens out of the bulk ILT tissue is
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were kept hydrated during the whole preparation process.
Specimens were uniquely identified and stored in
DMEM (with supplements) at 4°C until the mechanical
testing and a total number of 112 test specimens were
prepared.
Testing equipment. ILT testing was performed on a
uniaxial testing machine (MTS 305.03/30 kN, Eden Prai-
rie, Minn) equipped with a control unit (INSTRON 8500
Plus, Norwood, Mass) including a hydraulic actuation
tower and a digital control panel (Figs 2 and 3). Entire set
of experiments was conducted in displacement control
mode, where the load on specimens was measured by a
10N-load cell (VETEK TCA/1.0 kg, Vaddo, Sweden) and
the data were recorded by an ordinary personal computer.
Abluminal
Medial
Luminal
a) b)
c)
d)
Fig 1. Preparation of uniaxial test specimens. a,Cross-se
elective abdominal aortic aneurysm repair, where lumina
test specimens prepared from (b) luminal, (c) medial,
pattern blade.
Fig 2. Part of the testing equipment illustrating (a) the load-cell,
(b) the tissue testing chamber filled with Dulbecco’s modified
eagle’s medium, and (c) the test specimen fixed between two PVC
grips.During testing, ILT specimens were kept in DMEM (withsupplements) at 37°C (0.5) and pH of 7.0 (0.6) to
ensure physiological conditions close to the in vivo situa-
tion. The versatile liquid composition was particularly es-
sential to prevent the ILT tissue from degradation during
the lengthy fatigue cycles, which was observed during
preliminary testing in Ringer solution at 37°C (0.5).
DMEM (with supplements) was kept in a 0.5 l test chamber
of polymethyl methacrylate (PMMA) with a top lid to
reduce loss by evaporation.
The constant testing temperature of 37°C (0.5) was
ensured by a temperature sensor (OMRONPt-100, Kyoto,
Japan), an especially developed heating plate and a digital
temperature controller (OMRONE5GN). In addition, pH
of the DMEM (with supplements) was measured by a pH
electrode (COLE-PARMER CZ-27001-70, Vernon Hills,
Ill) and displayed. DMEM (with supplements) was re-
placed if pH exceeded its target range of 7.0 (0.6).
The ILT specimen was gripped with especially devel-
oped grips entirely made of polyvinyl chloride (PVC),
where the upper grip is attached to the load cell using a
tension stringmade of the synthetic polyester fiber terylene.
This design reduces bending forces possibly entering the
testing specimen, and hence, assures a uniform distribution
of the tensile stress throughout its cross-section.
Testing protocols. Uniaxial mechanical tests con-
ducted on ILT specimens were of three different types:
control test, ultimate strength test, and fatigue test. From
the 112 prepared specimens 6, 24, and 72 were dedicated
to the control tests, ultimate strength tests, and fatigue
tests, respectively.
The control test aims to investigate (control) ILT tis-
sues’ (pseudo-)elastic properties in the testing environment
over a time period of 2 days. The underlying load level was
defined as 0.3Pult (ie, small enough to remain below the
4
9
30
e)
of the bulk intraluminal thrombus tissue harvested from
dial, and abluminal layers are indicated. Sample uniaxial
d) abluminal layers, respectively. e, Dimensions of thection
l, me
and (elastic limit of the tissue), where Pult denotes the ultimate
, wh
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specimen was tested every 12 hours; it was first precondi-
tioned through six cycles and test data were recorded from
the following three repetitive tension cycles. The elonga-
tion rate of 0.2 mm/s was applied, and hence, the test can
be regarded as quasi-static. Between testing, the specimen
stayed unloaded in the DMEM (with supplements) at 37°C
(0.5) and pH of 7.0 (0.6).
For the ultimate strength test the specimen was elon-
gated at 0.2 mm/s until failure, where no preconditioning
was considered. Load and displacement were recorded and
the ultimate load Fult defined the tissue’s ultimate strength
Pult Fult/A by means of the first Piola-Kirchhoff stress,
28
where A is the referential cross section of the specimen at
which failure appears, ie, at its most slender portion. Again,
the low elongation rate ensures quasi-static test conditions.
Fig 3. Experimental set-up used to test intraluminal t
loads. Displacements are applied by the actuation pisto
specimen is kept in Dulbecco’s modified eagle’s mediumFatigue tests, as the main focus of this study, were per-formed at the natural frequency of 1.0 Hz, where the shape
and (initial) amplitude of the fluctuating load were assumed
to be sinusoidal in time and 0.2 times the mean (initial)
load level Pm, respectively. Throughout this study, three
different (initial) mean load levels were considered, 0.5Pult,
0.7Pult, and 0.9Pult, where Pult denotes the ultimate
strength of the ILT sheet being investigated. From Solid
Mechanics, it is well understood that stress peaks appear at
sharp edges, and hence, these stress levels (although thought
to be high) might appear even under physiologic conditions.
Note that the test was conducted in displacement control, and
hence, the displacement was kept constant while the ampli-
tude and mean load decreased over time. Prior to cyclic
loading the specimen was constantly elongated at 0.2 mm/s
until themean loadPmwas reached and data was evaluated up
to 50103 cycles thereafter. The loading protocol for fatigue
bus (ILT) tissue under static and pulsating mechanical
the load is measured by the 10N-Load cell. The ILT
ose temperature is controlled and pH is displayed.hrom
n andtesting is summarized in Fig 4.
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Control test. Results from the control test emphasize
that the ILT shows mechanical properties typical for soft
biological tissues like preconditioning phenomena and
pseudo-elasticity.29 Unusual for soft biological tissues, an
almost linear relation of the load with respect to specimen
elongation was observed indicating that the ILT exhibits a
linear stress-strain behavior26 (see Fig 5). In order to quan-
tify the changes of the ILT’s elastic properties over time in
DMEM (with supplements) at 37°C (0.5) and pH of 7.0
(0.6), the recorded data of the particular repetitive ten-
sion cycles were fitted to third order polynomials fi,i  0,
12, 24, 36, 48 in a least-square sense.30 The analytical
descriptions fi represent the average of the loading and
Fig 4. Illustration of the loading protocol for the fatigue testing.
Displacement controlled initial loading at 0.2 mm/s up to the
mean load level Pm followed by displacement controlled cyclic
(sinusoidal) loading at 1.0 Hz and 0.2Pm initial amplitude.
Fig 5. Analytical representation of the control test data. Gray
dots show experimental data from three repetitive tension cycles of
a intraluminal thrombus specimen, which has been kept in Dul-
becco’s modified eagle’s medium at 37°C (0.5) and pH of 7.0
(0.6) for 12 hours. A third order polynomial f12 is used to
represent the mean loading-unloading behavior, and hence, to
quantify the specimen’s stiffness at that time.unloading branches at 0, 12, 24, 36, and 48 hours, ie, theaverage of the three repetitive tension cycles recorded at
those times. An example is illustrated in Fig 5, where the
recorded experimental data (shown by gray dots) from a
control specimen, which has been kept in DMEM (with
supplements) for 12 hours is represented by the analytical
description f12 (shown by the solid line).
Based on the analytical descriptions fi, the change of
ILT’s elastic properties over time is quantified by the rela-
tive specimen stiffness i  K i ⁄ K 0, i  0, 12, 24, 36, 48.
Here
Ki

1
uult

0
uult dfidudu 1uultfi uult fi 0
has been introduced, where uult denotes the displacement
at the ultimate load Fult (see Fig 5). Ki denotes the average
specimen stiffness at time i, and i relates it to its stiffnessK0
at the beginning of the control test.
The evolution of the relative specimen stiffness i over
time is illustrated in Fig 6, where an almost linear softening
tendency over time is exhibited. However, i remains larger
than 0.965, whichmeans that the elastic stiffness of the ILT
samples change less than 3.5% within 48 hours. Note that
the duration of the fatigue tests performed within this study
was at maximum 13.9 hours, and hence, the testing envi-
ronment had a negligible effect on the elastic properties of
ILT tissue.
Ultimate strength test. Apart from base data for the
subsequent tests, the ultimate strength tests provided de-
tailed data regarding the variation of ILT tissue stiffness and
ultimate strength across its radial direction, ie, from the
inner tissue towards the outer tissue. Again, the raw data
revealed an approximately linear relation of the recorded
force with respect to specimen elongation. Note that the
Fig 6. Evolution of the relative elastic specimen stiffness i over
time in Dulbecco’s modified eagle’s medium at 37°C (0.5) and
pH of 7.0 (0.6). Error bars denote standard deviation associated
with patient heterogeneity. The intraluminal thrombus specimens
weaken over time, however, their elastic stiffness changes less than
3.5% within 48 hours.nonhomogeneous strain field caused by the bone-shaped
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effects, such that the test results do not allow an immediate
quantification of the material’s constitution.
In order to facilitate ILTs constitution, ie, to distin-
guish the mechanical properties of ILT material from the
configurational effects of the bone-shaped test specimen,
an elastic two-dimensional (plane stress) FE computation
was performed from each ultimate strength test. In partic-
ular, a quarter of the specimen, (see Fig 7, a) was dis-
cretized (split into individual elements) and associated
loading conditions were applied.
The incompressible mechanical properties of ILT tissue
were modeled by the one parameter Ogden-like strain
energy function.28
  c
i1
3
i4 1 (1)
where the material parameter c needs to be determined
from experimental data. In eq (1), i, i 1, . . . ,3 denotes
the ith principal stretch, which describes tissue elongation
along the ith principal direction. The principal directions
span an orthogonal coordinate system, within which the state
Fig 7. Plane stress FE model of a particular intraluminal throm-
bus specimen to extract the material parameters from recorded
experimental data. a, Applied finite element discretization of a
quarter of the specimen. b, Gray and black outlines illustrate the
referential and the deformed configurations of the modeled test
specimen, respectively.of deformation is free of shear, and each deformation can bedescribed by the principal stretches and associated principal
directions.28 Eq (1) entirely describes ILT’s constitution
and standard arguments28 define the principal Cauchy (or
true) stress i i ⁄ i p, i 1, 2, 3 depended on the
principal stretches i and the hydrostatic pressure p. The
Cauchy stress is the mechanical load acting at the deformed
area element of the tissue,28,32 and  ⁄ i denotes the
partial derivative of the strain energy function with respect
to the i-th principal stretch.
The proposed constitutive model (1) predicts an ap-
proximately linear load-displacement response within the
considered range of tissue deformations, and hence, is able
to capture the experimental findings of ILT tissue satisfy-
ing. The material parameter c was identified by comparing
the FE prediction (which itself depends on c) with the
experimentally recorded load-displacement data of a partic-
ular ultimate strength test. To this end, c was iteratively
updated until agreement in a least square sense30 was
achieved. An FE prediction of a particular ultimate strength
test, ie, its deformation due to tensile loading, is illustrated
in Fig 7, b, where the referential (stress-free) and the
deformed (right before failure) configurations are shown by
the gray and black outlines, respectively. In Fig 8, the
distribution of the material parameter c along the radial
direction of the ILT is plotted, where a considerable de-
crease between luminal andmedial layers passes into a slight
difference between medial and abluminal layers. In sum-
mary, the material parameter c of the luminal, medial and
abluminal ILT can be quantified to 2.62 kPa (SD 0.80),
1.98 kPa (SD 0.62), and 1.73 kPa (SD 0.64), respectively,
ie, ILT stiffness decreases about linearly by 44% from the
luminal to the abluminal tissue.
Note that the standard deviation (SD) is associated
with patient heterogeneity, and it is emphasized that the
referential shear modulus   8c and the stiffness E  24c
of the material are uniquely defined by the introduced
model (1). For sake of completeness andE are included in
Fig 8.
Apart from defining the material parameter c, the ap-
plied mixed numerical and experimental analysis is able to
evaluate the Cauchy stress at (right before) ILT failure, ie,
to define ILT’s ultimate strength in a spatial setting. Note
that the computation of the Cauchy stress requires detailed
knowledge of the tissue’s state of deformation (Cauchy
stress refers to the deformed area element), and hence,
cannot directly be evaluated from the experimental data
provided by the set-up described in the Methods section.
The estimated ultimate strength of ILT tissue in terms of
Cauchy stress is illustrated in Fig 9, where a considerable
decrease from the inside to the outside is observed. In
summary, the ultimate strength of the luminal, medial, and
abluminal ILT have been determined as 156.5 kPa (SD
57.9), 92.0 kPa (SD 37.5), and 47.7 kPa (SD 22.9),
respectively. Hence, ILT ultimate strength decreases about
linearly by 70% from the luminal to the abluminal tissue.
Fatigue test. The typical load-cycle behavior of the
fatigue test is illustrated in Fig10, where the recorded data
of particular 0.9Pult, 0.7Pult, and 0.5Pult load cases are
al to t
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0.9Pult and 0.7Pult load cases resulted in failures (indicated
by the circles) after 89 and 466 cycles, whereas the 0.5Pult
load cases did not fail within 50  103 cycles. At the
beginning of the tests, all three cases showed about the
same decrease in load. For the 0.5Pult load case, the slow
decay in the beginning turns into a much faster one as the
cycles continue, remaining with a constant slope until
the test is terminated. Similar initial decays are exhibited by
the 0.7Pult and 0.9Pult load cases; however, the load de-
clines are progressive prior to failure.
Throughout the fatigue tests, all specimens (initially)
Fig 8. Variation of intraluminal thrombus (ILT) stiffnes
medial and abluminal specimens. Error bars denote sta
stiffness decreases about linearly by 44% from the lumin
Fig 9. Variation of intraluminal thrombus (ILT) ultimate
strength in terms of Cauchy (or true) stresses across the radial
direction represented by data from luminal, medial and abluminal
specimens. Error bars denote standard deviation associated with
patient heterogeneity. ILT ultimate strength decreases about lin-
early by 70% from the luminal to the abluminal tissue.loaded at 0.9Pult, 33.3% of the specimens (initially) loaded at0.7Pult, and none of the specimens (initially) loaded at 0.5Pult
failed under the pulsatile loading. Since no significant differ-
ence amongst luminal, medial, and abluminal layers could be
observed, the data have been pooled and summarized in the
Wöhler-curve (also known as S-N curve) of Fig 11. To this
end, the normalized First Piola-Kirchhoff stress
Pi1
nfail Pi
nfailPult
which acts in average over the duration of the experiment,
is plotted versus the number of load cycles nfail prior to
failure. Here, Pi denotes the mean First Piola-Kirchhoff
stress acting in the most slender cross section of the speci-
men over the ith load cycle. The First Piola-Kirchhoff (or
engineering) stress relates the mechanical load to the un-
deformed area,28,32 thus, it can be directly derived from the
experimental data and the test specimen’s unloaded geom-
etry.
Those fatigue tests, where the specimen failed during
the experiment, are represented by data points in Fig 11
and regression analysis30 was applied to define a linearly
decreasing curve with slope P ⁄ lognfail   0.545.
This curve (shown as dashed line in Fig 11) represents the
vulnerability of ILT tissue against fatigue failure emphasiz-
ing its decreasing strength with respect to the number of
load cycles. For this representation of the data, the results
from the ultimate strength tests collapse in (1.0, 1.0) and
the curve was enforced to pass this point. Likewise, circles
and squares are used to indicate the data points from the
0.9Pult and 0.7Pult load cases, respectively.
Assuming the deformation of the test specimen does
not change from cycle to cycle, Fig 11 also represents the
normalized Cauchy stress with respect to the number of
load cycles. Since the overall deformation (defined by the
clamp displacement) of the displacement controlled fatigue
ss the radial direction represented by data from luminal,
d deviation associated with patient heterogeneity. ILT
he abluminal tissue.s acro
ndartest was the same from cycle to cycle, this assumption holds
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deformations is negligible.
For completeness, it is worth noting, that the speci-
mens (initially) loaded at 0.7Pult and did not fail within
50  103 load cycles, showed a normalized First Piola-
Kirchhoff stress P  0.392 SD (0.064) in average over the
duration of the experiment.
Finally, a remarkable stress relaxation, ie, decreasing
load over time, has been observed during the experiments
(see Fig 10). In order to investigate this phenomena in
more detail, we focused on the 0.5Pult load case only. To
this end, we assumed that the mean First Piola-Kirchhoff
stress P (in the middle of the specimen) can be represented
by P (, n) G(n)P0(), where  and n denote the stretch
Fig 10. Example data recorded during the fatigue tests of a
particular luminal sheet of intraluminal thrombus (ILT). Load
cycle behaviors of three specimens are plotted with respect to the
logarithmic number of load cycles. The specimens were initially
loaded at 0.9, 0.7, and 0.5 times the ultimate strength (Pult) of the
ILT sheet they had been prepared from.
Fig 11. Wöhler-curve representing the vulnerability of intralumi-
nal thrombus (ILT) tissue against fatigue failure, ie, decreasing
strength with respect to the number of load cycles. Fatigue tests,
where the ILT specimen failed during the experiment, are repre-
sented by (circular and rectangular) data points and the dashed
line is defined by regression analysis.(in the middle of the specimen) and the number of loadcycles, respectively. Here, P0 is the mean First Piola-Kirch-
hoff stress at the beginning of the fatigue test, and G(n) is a
dimensionless stress-relaxation function to be determined
from experimental data. Note that this multiplicative de-
composition of the stress states an established concept to
describe soft tissue viscoelasticity.33
The observed stress relaxation behavior (see Fig 10)
motivates the introduction of a bi-linear function for G(n)
with respect to the logarithmic number of load cycles, and
hence, allow the quantification of three material parame-
ters, ie, its initial ki and final kf slopes and the number of
load cycles ntran at the transition point. In addition, the
observed stress relaxation did not change amongst lumi-
nal, medial, and abluminal specimens, and hence, the
data were pooled. Finally, regression analysis quantified
the material parameters ki  7.9410
3 (SD
4.22103), kf 
 7.32102 (SD 1.89102) and
log ntran  6.09 (SD 0.99), which define the bi-linear
stress-relaxation function G(n).
DISCUSSION
The present study highlights that ILT tissue is vulner-
able against fatigue and fails at load levels far below its
ultimate strength under pulsatile loading.More specifically,
we observed failure within less than 1 hour at a mean load
level of 60% ultimate strength, whereas a load level of about
40% did not cause failure within 13.9 hours.
While failure of traditional engineering materials has
been extensively investigated over the past decades,34 little
is yet known about failure in vascular tissues.35-37 In par-
ticular, the evolution of fatigue damage in vascular tissues is
a completely unexplored field in biomechanics, and to our
knowledge, the present study is the first attempt to inves-
tigate ILT’s fatigue properties. The experiments in the
present study were limited to 13.9 hours, and it is likely
that, ILT strength would have further decreased with in-
creasing number of load cycles. As a matter of fact, living
tissue has the capability to compensate for the evolution
of damage by healingmechanisms, as it is known from bone
tissue, where basic multicellular units (BMU) replace
the old with new material.38 Hypothetically, the ILT tissue
could have such functionality, however, not towards the
abluminal layer, where one faces a more or less inert mate-
rial.
A comparison of ILT’s failure strength under pulsatile
loading with stress fields obtained from FE studies reported
in the literature (for instance; peak stress of 30.0 to 110.0
kPa in the ILT14) indicates that in vivo fatigue failure of
ILT tissue becomes a possible scenario. Once a macro-
scopic failure in the ILT has been formed, it could propa-
gate towards the AAA wall, which itself could rupture due
to the associated development of a stress concentration.
Note that the aneurysm wall is remarkably weaker8 and thin-
ner10 behind (thick) ILTs when compared with the ILT-free
wall. This failuremechanism could explain that themajority of
AAA ruptures are found behind the ILT,22,23 and conse-
quently, it suggests that the ILT is a major player in the
pathogenesis of AAA rupture. Although ILT strength is
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Volume 48, Number 1 Gasser et al 187only a small fraction of the AAA wall strength, it is several
time thicker, which underlines its substantial contribution
to the overall strength of the AAA. The assumption that the
ILT fails prior to the wall (and not vice versa) is motivated
by the fact that the highest and lowest circumferential
stresses in pressurized thick-walled tubes are at the inside
and outside, respectively.
Most ILTs are firm and white except for the luminal
layer. Occasionally, soft and friable red ILT are encoun-
tered. Such ILT were not found during the collection of
ILT in the present study. Furthermore, it would have been
impossible to test these loose thrombi with the present
technique.
The present study has shown that the testing solution,
in which the ILT tissue was kept during the lengthy exper-
iments, plays a crucial role to achieve reliable results. All
mechanical tests were done in DMEM, supplemented with
FCS, L-ascorbic acid and antibiotics at 37°C (0.5) and
pH of 7.0 (0.6). Furthermore, solution medium’s impact
on the elastic mechanical properties of ILT has been care-
fully observed by control tests. It was found that, over 48
hours, which is about four times the duration of the longest
fatigue testing, the elastic properties of ILT did not change
significantly. Yet, no conclusion can be drawn regarding the
evolution of its inelastic properties. Similarly, the time the ILT
was kept frozen had a negligible impact on the on the results
compared to patient heterogeneity.
A sinusoidal displacement controlled loading, where
the initial amplitude is linked to the initial mean load, was
prescribed for the fatigue tests in the present study. The
cyclic in vivo loading of ILT tissue however is more com-
plicated, eg, the amplitude and shape of the fluctuation
(both load and displacement) will vary over time, particu-
larly at locations where macro-failure develops. It is known
from traditional engineering materials that the amplitude
and shape of fluctuating load affects the life time predic-
tions, which needs to be considered, when interpreting
results from the present study.
The displacement controlled fatigue test was accompa-
nied by a significant reduction of the loading over time
(stress relaxation), such that the stress level at high numbers
of load cycles became too small to initialize failure thereat.
Consequently, a load controlled testing protocol, instead
of displacement controlled one applied herein, seems to be
more suitable to investigate the fatigue failure of pro-
nounced viscoelastic materials like ILT tissue at higher load
cycles.
Likewise, smaller load steps between the different fa-
tigue tests would refine the provided data. The performed
ultimate strength tests have revealed the variation in me-
chanical properties of ILT tissue along its radial direction in
accordance with its structural changes,24 and as reported
earlier.25 Previous studies reported a circumferential
strength of the luminal ILT by the First Piola-Kirchhoff
stress of 85.0 kPa (SD 47.0),13 and for luminal and medial
ILT by the Cauchy stresses of 540.0 kPa (SD 70.0) and
220.0 kPa (SD 50.0), respectively.25 While the first value is
in the range of the present findings (its transformation tothe spatial setting gives a Cauchy stress of 128.1 kPa), the
other two values are much larger than the findings herein,
ie, 156.5 kPa (SD 57.9) and 92.0 kPa (SD 37.5) for luminal
and medial layers.
A detailed discussion of the quantified ILT stiffness
with respect to the existing literature lacks, since different
definitions have been used. However, to some extent, the
present findings can be compared with the circumferential
ILT stiffness of 131.0 kPa (SD 64.0)13 and 201.0 kPa (SD
16.0)26 for the luminal ILT, but they are much lower than
540.0 kPa (SD 70.0) and 270.0 kPa (SD 40.0) for luminal
and medial layers,25 respectively. Finally, it is worth noting
that, although the present study significantly differs from
shear experiments, the reported elastic shear modulus of
1.3 kPa27 is much lower than the one that can be derived
from the present work (20.96 kPa [SD 6.4], 15.84 kPa [SD
4.96], and 13.84 kPa [SD 5.12], for luminal, medial, and
abluminal layers, respectively).
In the present study, 1D loading in ILT’s circumferen-
tial direction was considered to investigate its failure prop-
erties. However, in-vivo, a multi-axial loading condition
exists, where tensile loading in circumferential and axial
directions as well as a radial compression appear. Multiaxial
loading influences fatigue phenomena and reduces the
failure strength, shown to be valid for at least traditional
engineering materials, and hence, it is likely the circumfer-
ential strength of ILT will decrease when additional axial
tensile stress is superimposed.
Displacement controlled fatigue tests have shown con-
siderable stress relaxation. Even though the underlying
mechanisms such as viscoelasticity, poro-elasticity, and fa-
tigue softening might be involved in the relaxation event,
the individual role of each factor was beyond the scope
of this study. In addition, experimental data have suggested
that stress relaxation of ILT do not vary in radial direction,
which is similar to its time dependent (viscoelastic) proper-
ties.27 We believe that stress relaxation and the associated
softening should certainly be considered in numerical mod-
els of AAAs; a softer ILT would redistribute the stresses
from the ILT to the aneurysm wall, which could signifi-
cantly change the mechanical loading situation of AAAs.
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